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PIAN FORM AM) S-S 

By Fradslin W. Diederich 

A method is  presented f o r  calculatFng the effectiveness and 
reversal af lateral-control devices on wings of arbitrary  plan form 
and stiffness.  Computing forms and an i l l u s t r a t ive  example are 
included. 

The margin against aileron reversal is shown t o  be re lat ively low 
for swept wings a t  all speeds and f o r  all configuratians a t  supersonic 
speeds; the margin is relatively Wgh at subsonic  speeds.  EPfectiveness 
of conventional  aileron  configuratians on sueptback w i n g s  a t  supersonic 
speeds is relat ively law. 

INTFtODUCTIClN 

Adequate lateral cont ro l   comt i tuks  m e  of 
design  requirements f o r  aiqlmes. The a b i l i t y  
enter a r o l l  i s  determined by the  control power 
maximum available  rollinn moment resulting from 

the more iqportant 
of the airplane to 
and i e  measured by the 
lateral-cantrol deflectLon. 

The degree of lateral maneuverability m g  be represented by the helix 
angle at  the wing t i p s  corresponding t o  the highest  rate of roll. The 
lateral.  maneuverability depands both 011 the control power and the 'damping 
i n  roll. 

The control power and the damping in roll are affected by s t r u c t u r a l  
f lex ib i l i ty .  Control deflection ordinarily gives r i e e  t o  aerodynamic 
loads which tend t o  deform the wing structure ih such a way as t o  reduce 
the loads on it and thus t o  r d u c e  the oantrol power. If the dynamfc 
preseure of the air stream is sufficiently high, the amount of load 

.which  results from the st ructural  deformation  be sufficient t o  
nullify the  effect of the control  deflectim. The speed and aynamic 
pressure corresponding to  this conditian are  -own as the  la teral-  
C o r h " t l  revepal speed or  reversal dynamic pressure, since at  a 
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slightly higher  dynamic  pressure a control  deflection in a given 
directi-on  would  result in a rolling  moment in a directim opposite 
to  that of the moment on a similar r ig id  wing. 

Much of the early work on  lateral-control  reversal  and lose of 
control  due  to  structural  deformations was done in Great  Britain. The 
first  published  account  of an investigation  concerned with aileron 
reversal  appears to be  reference 1. Even at that early date, aerodynamic 
induction WEE taken  into.account,  but an arbitrary  wing-deflsction mode 
was assumed. The lateral-control  power wae analyzed on the basis of 
the same assumptiom in reference 2. The work done in Great Britain 
subsequent to the publicatton of these two papers  ha^ been concerned 
vfth mom refined mearm of accounting for the  actual  stiffness 
distributions and f o r  aemd;Vnamfc  induction;  at  the aame time a great 
deal of attention  has been devoted to the simplification of the 
numerical  work  required  to obtain resulta in practical  cases. 

Work done on t he  problem of loss of lateral  control  due  to wing 
flexibility in this  country  (references 3, 4, and 5, f o r  instance) 
now represents  the same stage of  development as British  work  in the 
field.  Reference 3 presents  convenient msthods for determining the 
aileron-reversal  speed and other re lated critical epee& of w i n g s  of 
arbitrary  stiffnlsss  distribution;  aerodynamic  induction  is  taken  into 
account by m e a n 8  of 821 over-a l l  correction.  Reference 4 is  concerned 
with  the  determination  of  the Lateral maneuverability and ccntrol 
srfectlveneas.  Aerodynamic  induction  is M e n  into  account  approxi- 
matel;y,  and t he  method is applicable  to  wings of arbitrary  stf-ffness 
distribution. The numerical. work required for the analysis  is 
fairly extensive, however. Reference 5 show a method for calculatfng 
the  reversal speed by matrix  iteration; the method is  convenient md 
applicable  to  arbitrary  stiffness  distributions,  but t he  integrating 
matrices are  only approximate and aerodynamic  induction  is W e n  into 
account only by mans of &II over-all correction, unless suitabls  influence- 
coefficient  matricee are used in conjunction wlth the method. 

Although the foregoing ~llsthode and similar British work are 
generally  satisfactory for calculating the lateral-control  effective- 
nem and aileron-revsrsal  speed OP straight wings, they are inapplicabls 
to  swept wings. The present paper is  concerned w 3 t h  an analysis of 
these problem3 for wings of arbit- plan form,  including  swept plan 
f o m ,  as w e l l  as  arbitrary  stiffness. Tbe method is based on the 
analysis of the loading of  flexible xi- presented in reference 6 .  
Since su i tab l s  aerodynamlc-influence  coefficients &re not  yet  available, 
aerodynamic  induction i-e taken into  account 00 aa &z1 over-all 
correction and a alight  reduction of the losd at the t i p ,  &s in 
reference 6 .  The method is  formulated in auch a manner, however,  that 
aerowic-inPluence coefficients may easily be included as soon as 
they becorm  available. 



4 

L 

NACA RM No. L8824a. 3 

The numerical analysis required in tmy given pract ical  case 
constitutes an exteneton of the  calculations  outlined in reference 6. 
Computing forme f o r  the additional  calculations  required f o r  an aaalysie 
of lateral-control  effectiveness or reversal a m  presented in t h i s  
paper.  Their use is described in the section "Application of the Method." 
This section may be read without  reference to the derivation of the 
method. As an example illustrating the method, the lateral-control 
effectiveness and reversal of the w i n g  comidered i n  reference 6 are 
analyzed in t h i s  paper. The reversal speede of several wings derived 
from this wing by shif t ing the e las t ic  axis Ebnd rotating  the wing a m  
calculated t o  demonstrate some general effects  of sweep on the aileron- 
reversal speed. 

The s y m ~ ~ o l ~  used in the -ais axe those of reference 6 with the 
following  additians: 

F l  auxiliary  aemelastic matrix 

[A*] reversal m a t x i x  

center of pressure of the load produced by aileron  deflection, 
fraction of chord from 16ading edge . 

e2 distance from the reference axis t o  the center of pressure 
of the  load due t o  aileron deflecticaa  (positive  rearward), 
f ract ion of chord 

pl] matrix  defined ~n equation (u) 
t distributed  torque, inch-pounds per  inch 

71 lateral ordinate of inboard q d  of aileron, inches 

TO lateral ordfnate of outboard end of aileron,  inches 

as angle of attack e q u i v a , l d  t o  unit  aileron  deflection 

6 aileron  deflectim msaeured in planes paral le l  t o  the 
direction of flight, radians 

E moment" r a t io  (2) 
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The aseumgtions made Fn the following  eaalyeie &re the same as 
those d e  in reference 6. In addition it is aseumed .%hat t he  angle 
between the  aileron and the w i q  is canetent alang the span of the 
aileron 

The aerodynamic forces on a wing section with control  neutral ~ t r e  
given in reference 6 .  In keeping with the aerodynamic aasumlptiom the 
loading due to the aileron  deflectian is considered t o  be the  corres- 
panding s tr ip  loading  multiplied by a reducticm factor end rounded 
off a t  the t ip .  The effective  section  lift-curve  slope  appropriate t o  
the aileron loading has  approximately the same value BB the  effective 
elope  appropriate t o  the linear-twist loading, as may be deduced by 
cmparing  the  different J vaLues presented i n  reference6 2 and 3. 

The aerodynamfc force an a wing section of unit  wldth paral le l  to 
the  dimctica of flight is then 

(1 1 

where ag i e  the  aileron  effectivenesa factor @cz/&)/@cZ/aa> 
(See f ig .  1.) The angle of aileron  deflection 6 is measured in 
planes parallel t o  the direction of flight. If it 1s desired t o  
measure 6 in planes perpendixular t o  some reference line, for 
instance,  the  quarter-chord line, the value of % is  replaced by a 
value %A, which is  ~6 d t i p l i e d  by the cosine of the sweep angle 

messwed t o  the  reference  line. The moment of the running  load about 
the  e las t ic  axis is  

where E is  the moment-arm ratio e &l and e2c i-s the distance 
between the center of pressure of the  load due t o  aileron  deflection 
and the reference ax1-s. (see f ig .  1. ) 
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The accumulated torque and moment referred t o  the e la s t i c  ax is  
may then be mittan &B . 

Equations of Equilibrium 

The equations of equilibrium may be s e t  up and treated in the same 
m e r  as in reference 6 .  m e  result is  the relation 

where a and [A] are defined in  reference 6 ,  and the auxiliary 
aeroelaetic matrix A i a  defFned by . 
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If structural  influence  coefficient8 of the t;pPe described in 
reference 6 are used instead of  the  etiffnese.curvee,  equation (5) 
take8 the form 

f 

where a' and [A9 a r e  defined  in  reference 6 and 

Solution of the  Equatiarw 

The aerodynamic  load-  coxresponding  to a given  aileron  deflecticn 
may be obtained by writing  equationa ( 5 )  OF (7) in the following form: 

[[I1 - 

Once  the right4and aide  of the  equation ( 9 )  is  multiplied  out,_.the 
' twist  dietribution - (a,} may be calculated by solving the eiruul- 

taneous equations of equation ( 9 )  . The loading as well as the act- 
lated torques and moments may be obtained fYcm equations (1) t o  (4)  . 

In order t o  calculate  the  ailerorrreversal 8peed.comeniently fiam 
equatione ( 5 )  or (7), it ie necessary  to  eliminate {q8} br expresehg 

it in terms of pa}. The required  relation  results from the  condition 
' that at the reversal apsed the rolling  martent vanishee, ao that 

r- 7 

or  
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where LK2j1. is the f i r s t  row of the [Kz] matrix. The solution of 

equation (loa) may be shown t o  be (by the reasoning of -reference 5 )  

1 0 0 0 . .  PI=[;:";; 1 0 0 0  . ;I 

where the ailerm-reversal  matrix  P R ]  is d e f b d  by 

5 

The reversal asnamfc pressure is calculated by iterating equation (U) 
and substi tuting the c r i t i c a l  value of a in the equation defining the 
parameter  (equation (16) of reference 6 ) .  
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APPLICA'ITON OF THE MEXEOD 

Selection of the P a r m t e r s  

The section  lift-curPe slope and aerodynamic-center values are 
chosen for the Mach number of interest, as described in  reference 6. 
A t  subsonic speeds the  lift-curve slope is corrected  for"Pinite- 
span effecta as described in  said  reference. Values of ag and cpg 

are best  obtained from experimental sec t im  da ta  a t  the appropriate 
Mach  number. Theoretical thin-&ireoil values of these pmamters are 
presented fn figure 1 f o r  subsonfc and mpersmic speeds. 

The structural  parmeters are obtained in the manner described in 
reference 6. 

Calculation of Matrices 

Either a 6-point o r  a 10-point  solution may be employed.  Computing 
forme a m  provided f o r  the 6-point  solution; similar forms may easily 
be set up for the lO-poFnt solution. 

In  order  to  take account of the  location of the inboard. and outboard 
extremities of the aileron with the relatively few stations used in the 
analysis, equivalent 6 values have t o  be used. These values are 
given In figure 2. They are intended to  give a rounded off 6 variation 
which has approximately  the game area and the same moment about the 
root as the actual 6 variation. The eqplvalent 6 values of figure 2 
per ta in   to  actua3- values of 6 equal t o  1; they  apply to ailerons which 
extend from ydaw t o  the t i p  but can be combined t o  apply t o  any 
aileron  configuration. Several examples are listed below f o r  the 
six-point methDd, the a c t m l  values of 8 being 1 and tlie equivalent ' 

values belng read from figure 2(a) a8 0.716 f o r  - = 0.35 and a8 

0.293 f o r  - = 0.95: 

Ji 
SW 

yi  
aw i 

c 
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(Si/sw)  correspond^ t o  the inboard 

(yd+) comesponds to the  outboard 
extremity of the aileron  or elevon 

. extremity of t he   a i l e rm o r  elevon I I 
The values f o r  case 3 are obtained  fram those of cases 1 and 2, those 
fo r  case 5 from the ones of cams 1 and 4. 

The [A] matrix is calculated aa described i n  reference 6 .  The 
calculation of the  auxiliary a e m e u t i c  matrix then proceeds as shown 
in table I; the numbering of the steps  Fndicated in the upper left  
corner of each  block are a  continuation of the steps In table VI(b) 
of reference 6 .  

If it- is desired to calmlate the aileronqeversal dynamic pressure, 
the  aileron  -reversal matrix  is calculated by means of the f o m  of table 11. 
The value of G i s  calculated by multiplying the f i r s  
matrix [@] (see  reference etrix 
accordance with equation (141, the values a l so  occu-  as  a d l a g a d  
matrix; i n   t h i s  form they are the G d u e  and entered in 
matrix [a] . The calculation then proceeds  according to the 
instructions of table 11. 
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Special case8 m i s e  when any or a l l  of the e l  o r  e2 values 
are zero. If only e% is zero, the e l  value at  some other point 

may be used as a mference  throughout the analysis and the parameter a 
redefined  accordingly. The first column of the matrix 
calculated tn this case by mlt iplylng  the first oolumn of the 

D l  is 

matrix [[.I by the -ti0 -. s m l a r u ,  if other q '2r 

el,f. 
value i s  zero, say the  fourth d o n g  the span, e% is used as a 

reference  but the fourth column of [a] 18 calculated .by d t i p - w g  

the fourth column of the matrix [[@I [Kd] by 'a, where e2 

is the  value of e2 at the fourth statim, at which el is zero. 
'lr (4 1 

. 

If e 1  2s zero along the entire ~ g a n ,  some of the camputlhg 
instructions given in t h i s  paper, as w e l l  as the ones given i n  reference 6, 
muet be modified samewhat. In table vI(a) of reference 6 the : 

[%(ST] matrix is  entered i n  the space  provlded f o r  the 

matrix. Some of the instructiDns of table VI(b) of reference 6 and 
table I of this paper are then modiffed a8  follows: 

Step @ ["(g-y] 

step @ 

A l l  other instructfans axe unaffected. 

If 02 i s  zero along the span, table I of this paper may be 
modified ae follows: 

Step @ may be omitted; all steps in  table 11 are una9fected. 
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Calculation of the  Aileron-Reversal Speed 

The CAR] 'mat- is iterated tn table n I ( a )   t o   ca l cu la t e  t h e  c r i t i c a l  
value of the p m t e r  a and hence t he  c r i t i c a l  speed. The calculation 
o r d i n a r i l y  has t o  be performed at least M c e ,  once f o r  subsonic meeds 
and once f o r  supersonic speeds. Fram theee criti-cal.  values, from the 
definition of the  mameter  a, and from the effectfve l i f t - c m e  slope 
the dynamic pressure required  for  aileron  reversal Q may be calculated 
and plotted as a function of h c h  rimer. If the actual dynamic pressure 
f o r  the  alt i tudes of in te res t  i s  also plotted on the s w  chart,  the 
lowest  intersection of the reversal with a t r u e - m c - p r e s m  line 
w i l l  give t h e  reversal Mach number and dynamic pres- a t  the a l t i tude  
of the true-dynamic-pressure l ine.  

!@e [AR] matrices c a l c h t e d   f o r  the special  cases mentioned in 
the preceding section do not all yield the c r i t i c a l  value of the 
parameter a. When the value of e1 is  zero at  the roDt, t he   c r i t i ca l  
value of the parameter a based on the reference  value of e 1  w i l l  , 

be obtained. If e 1  is  zero a t  ~ ~ n n e  other point along the span, or if 
e2 is  zero along the ent i re  span, c r i t i c a l  values of the parameter a 
w i l l  be obtained. In the  case where e l  i s  zero along the ent i re  
span, i terat ion o f .  the AR matrix calculated by following the iIlBiirUCtfons 
of the preceding section will yield the value of the parameter d a t  
dfvergence. 

In of these special  cases, and possibly Fn other  cases as w e l l ,  
it may be found tha t  the i t e ra t ion  procedure does not conver-. In 
those cases the c r i t i c a l  value of the parameter a (or  d) is imaginary, 
BO that   there i B  no physical  reversal speed and the w i n g  under considera- 
t ion  IS safe against r eve red  (in the speed range under cansideration). 
If the c r i t i c a l  value of the parameter a has the si- opposite t o  
that of the value of elr  (or the other value of e l  used aa a 

reference)  or LP -e critical.  value of d has the sign opposite t o  
that of the sweep 8.ngI.e A ,  the reversal  dynamic pressure wlll be 
negative. In that w e  a l s o  the wing 1s safe against reversal,  since 
a negative  reversal dJmamic pressure cannot be obtaFned a t  any real 
speed. 

Calculation of Control Power and Maneuverability 

The calculatian of the twist diBtribUtion f o r  a given  aileron 

is  entered a t  the l e f t  and the column {%s) at the right. USUY 
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it w i l l  be  convenient t o  l e t  as8 = 1 (except where modified by 
f ig .  2) and then multiply the resulting txist distribution and 

roll ing power  by the  true a@ values i f  desired. The {%6} column 

is then p r d t i p l i e d  by the [K] matrix (step @ or @) and 
entered in the second column at the right, which i n  turn is multiplied 
by "a to   yield  the th i rd  column.  The sfmultaneoue equations wi th  
the coefficients at the lef t  and the knawne at the  right ( the  third 
column) are then  solved for  the unknown as values. 

It w i l l  be noted that if  the same value8 of a are  selected  as 
were wed in  the calculation of the aerodynamic loading by the method 
of reference 6 ,  the [[I] - .[A]] matrix w i l l  O e a d y  be available. If', 
i n  addition,  Crout's method of solving sbmiLtaneous equations has been 
used t o  solve  the simultaneous  equations, the auxiliary matrix will 
also be available, so that calculation of the as values for  the 
aileron loading w i l l  require very l i t t l e  time. 

In  some of the special  cases  diecussed in   t he  preceding  sections 
care must be taken t o  u8e the proper  parameters in conjunction a t h  the 
matrices  calculated  for  these  special  case^. I n  the case where 
is zero, the a values must be based on the  reference  value of e 1  
selected in  calculating the matrix; in  the case where el is zero along 
the ent i re  span the paramster d m u s t  be used instead of a i n  
table III(b)  . 

'1, 

The resulting as values may be  added. to   the  effect ive a@ values, 

multiplied by (%)[:I, and plotted over the span to   yield  the 

aerodynamic load  distribution - . The rolling-moment coeffi- ccZ 

(z%)%8=l 
cient due t o  this  forcing  loading ( o v e r  both W-E) may be obtained 
from the  relation 

This coefficient, which is a direct  m~asure of the  roll ing power, is 
seen t o  be dependent only on q/qD (except for  the factor s), eince 

9 = and aD is comtant  for a given speed range. 
qD &D 
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The r o l l i n g  maneuverability depends not only on the rol l ing powar 
but a l so  on the dmrging in roll. The ra te  of r o l l   p e r  unit aileron 
deflection is given by 

I l lus t ra t ive  Example 

The Illsthod described i n  the preceaing  sections has been used t o  
analyze the lateral maneuverability of the vlng considered in the 
iUus t ra t ive  example ~f reference 6. The requimd  additi- parameters 
of this m g  are presented table m ( a ) ,  which follows the form of 
table I. For convenience a value of a@ = I has been selected. The 

equivalent value of -6 at the station = 0.4 is obtained from 

figure 2 f o r  the given values of si/+ and yo/svm  he auxiliary 
e l a s t i c  matrix f o r  the subsonic  case has been calculated by following 
the form of table Ij the reeultFng m a t r i x  is shown Fn table IV(a) . 

BW 

The aileron-reversal matrix f o r  the subsanic case is calculated 
by means of the f o m  of table 11. Several of the steps, as w e l l  as 
the result, are  shown i n  table IV(b) for the subsonic cam.  I teration 
of the aileron-reversal  matrix (by means of the form of table I I I ( a )  
o r  otheluise) yields a value of aR = 2.364. A slmilar calculation 
f o r  supersonic meeds yfelds a value of aR = 0.12m. From these two 
values and the  definiticm of the pmameter a (see reference  6) the 
dpmmic pressure required for   reversal  lllay be calculated and plotted 
agahst Mach nmiber, as shown i n  figure 3. , Also shown Fn figure 3 
f o r  cor~ar ieon  are the dynamjc pressures  required for dfvergence as 
w e l l  as the actual dynamic pressures a t  several  altitudes. Where 
the dynamic pressure  required f o r  reversal is less than the actual 
dynamic pressure the aileron control is revereed.  For the example 
w i n g  revered.  occurs a t  a Mach nmiber of 1.3,  approximately, a t  sea 
l eve l  
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The aer0Qnmni.c 1- due t o  aileron deflection has been 
cdculated by meam of the form of table I I I ( b )  . For the subsonic 

case and a value of a = 0.552 the [[I] - a PI] matrix is that 
shown in table X(b) of reference 6 .  The three coh?.pe at the  r ight 
of table riI(b)  are given in table V. Also shown in table V &re the 
values of the final matrix calculated from the ehird column, the 

values of Z{&}, the values of {?} f o r  the M s t  dietr i -  
(3 a+1 

bution, whfch are obtained by nUiltfplylng the values of the preceding 

two columns by ea& other, and the values of {?} f o r  the 

aileron-deflection  dlstributian, which a r e  obtained by multiplying the 

a+I 

reverad speed; actually the ra t io  q/% f o r  t h i s  case is  1.154. The 
moments of tfhe M a t  and aileron-deflected  distributions are obtained 
by mltiplying them by the f irst r o w  of the I$ matrix. The rolling- 
moment coeff Pcient is obtained from equation (15) or  by a m  the 
moments of the alleron-distribution curve and the t y i s t  curve 

algebraically and nazltiplslllg  the result by 

of the flexible-wing ,rolling-mment cosf f fcbnt  obtained in t h i s  
manner t o  the correspondhg rigid-ylng mlling-moment coefficient is 
plotted in figure 5(a) againat the r a t i o  4 / ~ .  The lateral maneuver- 
abi l i ty  is calculated by means of equation (16) using the dEtmping 
coefficients  qdculated in reference 6 and IS a l s o  plotted as a fractian 
of the rigid-win@r value in fi- 5(a) It wAll be noted that both the 

..(s,J(a) 
2 . The ratto 
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maneuverability and t he  control power  became zero a t  a value of 

- = -0.87, which is Indeed the r a t io  of the reversal t o  the  divergence Q 
SD 
dynamic pressure a t  supersonic speeds, as is shown Tn f igme 3. 

Since  the r a t i o  4/% has been determined as a function of al t i tude 
and Mach nmiber in figure 3 the' paramstere of figure  5(a) can be 
plotted as functions of a l t i tude and Mach number, as has been done in 
figure 5(b) It is seen that  the  maneuverability and, t o  a lesser  extent, 
the  control power are re lat ively low at  supersonic meeds, particularly 
at  low altitudes.  Since at  high speeda even a small value of  pb/ZV 
implies a f a i r l y  large value of the rate of roll p, this situation is 
not  necessarily alaidng. The wing in queetim should have adequate 
control a t  all speeds for altitudes greater than about 20,000 feet .  

. 
DISCUSSIOM 

The discussion of the aerodynamic and strut- assumptions of 
reference 6 is p e r t h a t  t o  the analysie of Ghie paper ae w e l l .  The 
a d d i t i o n a l  aerodynm3-c aasumptian made in t h i s  Wzer, t o  t&e effect  
that aeroaynamic Fnductim  effects mag be estimated by reducing the 
strip-theory l i f t  distrfbution by an over-all.  correction and rounding 
o f f  t he  distribution both at the wfng tie and a t  the aileron e n d  
(using the equivalent v a l ~ e s  of  f i g .  2 as a guide), is consistent 
with  the  other aerodynamic assuqptions. The reduction of t he  load 
distribution  appears to be the same as that f o r  a linear twist. A 
more, ref ined way of taking the induction  effects into account would be 
t o  use aerodynamic influence-coeff icient matrices. As soon as 
suitable aerodynamic matrices becams available they mey be included 
in  t h e  method of t h i s  paper. 

Two additional  structural assumptions are made as  well. In the 
r'frst place, it is assumed that the angle €3 between the wlng and the 
aileron is constant along the span. This aeaum~tian  appears t o  have 
been made i n  almost a l l  of the published  investigations i n t o  the 
problem of lateral-control  revereal and appears t o  have yielded 
satisfactory results. The ehortter the aileron &d the greater the 
number of points at  which the ailerron is supported and a t  which i ts  
hlnge mament is taken out the more nearly tme the  assungtian would be. 

In   the second place, it is aEleumed that the control Wge is stiff, 
so that the aileron angle f o r  a given s t i c k  diqplacemant is independent 
of the dynamic pressure. This assm@tian need not be made if it is 
kept in mFnd that  the remits ob-ined by the method of this p a p r  are 
f o r  a given aileron angle and that the t r u e  aileron angle may be less 
at  high dyrmnlc pressures than at low ones. Thus, In order t o  account 
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f o r  the control-linkage  deflection, it i's necessaq only t o  calculate 
the r a t i o  of the true aileron angle a t  a given dynamic pres- to that 
a t  zero dynamic pressure f o r  the same stick  position. The calculated 
control mament and maneuverability must then be reduced by this factor. 
Since  deformations of the  control linkage only d f e c t  the  aileron 
effectiveness, they have no bearing on the reversal speed. These 
deformations may lead t o  aileron divergence f o r  wings with heavily 
overbalanced ailerom. This  problem, a's w e l l ,  as  the problem of wing- 
aileron divergence, has not been considered Fn the present analysis, 
however 

The fuselage and tail do not  cantribute any appreciable amounts 
t o  either the control or the damping moment, so that   their   effects  mergr 
ordinarily be neglected f o r  the purpose of lateral-control  calculations. 
Similarly, the  effect of Kin$ cmber does not  enter i n t o  the problem 
because the only important effect  of  caztiber is t o  give the flexible 
wing a symmetrical l i f t  distribution if it is set a t   t h e  angle of 
attack which  would give zero l i f t  f o r  the r ig id  wing; this symmetrical 
l i f t   d i s t r ibu t ion  has no effect  on the lateral-control problem. 

A s  In reference 6, the  effects of the iner t ia  loading on the 
aerodynamic load- have not been cansidered explicit ly in the analysis 
of this pager. As pointed  out  in  reference 6, however, t he  structural  
deformtione due t o  the  inertia  loading may be calculated  conveniently 
by mans of. the integmtiq-matrices and then canaidered as part of 
the geometrical  angles of attack.  This procedure mag be applied in 
the case of a ro l l i ng  w i n g  t o  determille-the change in rolling moment 
f o r  a unit rolling  accelemtion a t  any given Mach number and  dynamic 
pressure. This rolling m m n t  must be taken into account i n  estimating 
the rolling acceleratiom due to a given forcing moment a t  any time 
before the steady-roll  condition is reached. 

A t  transonic speeds there is considerable  uncer-binty i n  the 
aerodynamic parameters. The contra1 power is directly  proportional 
t o  the value of the parameter cz8 = m&, which may be quite low 
i n  the transonic region due to the  fact  that the aileron is located 
i n  a region of separated flow. The method of this paper is applicable 
t o  this case If the value of cz8 is  known f o r  the rigid w i n g .  If 
the decrease in t h f s  parameter due to flow separation is 40 percent 
a t  a given Mack number and the loss in  control power due t o  wing 
f lex ib i l i ty  amounts to 20 percent, f o r  example, then the t o t a l  loss  
is 52 percent (1 - 0.60 x 0.80). The loss i n  manemembil€ty due t o  
the  decrease in  cZ8 may be much l ess  than the loss in control power, 
however, since a decrease in cz8 would usuallg be accompanied  by a 

decrease in q, and hence in the damping coefficient. 

. 
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Should the value of the parameter cz8 decrease t o  zero or  reverse, 

aileron  reyersal will occur. , This t n e  of revemal i s  altogether 
different from the type-of  reversal  discussed In t h i s  paper, since it 
is due ent i re ly  to  aerodynamic action, whereas the reversal  of concern 
i n  this paper i s  due t o  aeroehstic  action. Both types of reversal 
8,re largely independent of each other; aerodynamic reversal w i l l  occur 
a t  a given speed regardless of the stiffness of the wing, whereas 
aeroehst ic   reversal  will occur 0rdFnariI.y at a different speed which 
is unaffected by the aerodynamic effect.iveness. 

As pointed  out in reference 6, the method on which the analysis of 
t h i s  paper is based does not require the semirigid representation 
employed in many analyses of aerodynamic loadlng of f lexible  wings and 
of lateral-control  reversal. The method of this paper takes the  actual 
st iffness  distribution and plan form i n t o  account; it integrates the 
differential  equations exactly (within the accuracy of tntegrating 
matrices)  without  simplifying the w i n g  t o  one of constant-chord segments 
with all the f l ex ib i l i t y  concentrated a t  the en& of the segments and 
without  requiring time- consuming graphical integrations. Furthermore, 
the method  of thfs paper  furnishes the aerodynamic loadfng and hence 
the  control power and maneuverability directly  without  iteration. An 
i t e ra t ion  is  rewired  t o  calculate the reversal speed, but this 
i terat ion is  straightforward in application and canverges rapidly  in  
most practical  cases. If it is preferred, the i teration may be 
diapensed with and the c r t t i c a l  value of the parameter a determFned 

instead by se t t ing  the determFnant of the matrix [[fj - a[q] 
equal t o  zero. This procedure  implies  calculating the coefficients of 
and solving a sixth-degree o r  tenth-degree  equatian i n  a (depending 
on whether the  6-point  or the l0-point method is used), so that it 
is o r w i l y  more laborious than i te ra t ing  the b] matrix. 

Some general effects of  sweep ahd of the moment arms e 1  Etnd e2 
on the aeroelastic reversal speed may be of intereet.  The r a t i o  *of 
the  reversal parameter 8R of a given wing t o  t ha t  of the unswept wing 

obtained by rotattug  the given wing a% i e  ahown in figure  6(a) 
plotted against EL function of t he  sweep an& fo r  subsonic and supersonic 
speeds; the two curves we= obtained by considering the wing of the 
i l lus t ra t ive  example to be r o t a t e d  in such a manner as t o  keep the 

parameters 

moment arm (el and e2) distributions  constant. 

e 1  C y  COS A r . (ET), 
SA ’ 0,’ as w e l l  as the chord, st iffness,  and 

It appears that both sweepback and Bweepforward tend t o  decrease 
the reversal parameter and hence the reversal speed. A t  supersonic 
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speeds, o r  mre epecifically, at small values of the parameter 

ecrmewhat lower than that of the sweptback wlng, whereas a t  higher 
values of the parameter the mig t t i an  of the reversal speed w i t h  the - 
sweep parsmeter tan A is more nearly symmetrical with  respect 

to  the zero-eweep case. There are E ~ D B  indications that this behavior 
i s  not  typicel of all w i n g s  but rather i e  due t o  the fairly large 
vaziatims of the 01 values, which &so appear t o  be responsible f o r  
the deviation from l inear i ty  of the d - a curve of figure 7 of 
reference 6, as w e n  as of the q and E vdues over the span of the 
example wing. In , f o r  small values of the 

moment-m  parameter the variation of t h e  reversal 

speed with the sweep parameter tan should  be nearly symmetrical . 
~ h n d  thett, f o r  large values of the &nt-& parmeter, the r e v e r s a  
speed  should tend t o  be lower for sweptback than fo r  sweptf'orward w i n g s .  

"he variatian of the reversal speed of an unewept wing Kith the 
moment-arm r a t i o  i s  sh- in figure 6 (b) f o r  wings which all have the 
same dis t r ibu t ims  of the parameter e p l r  and e2/eZr along the span 
but have different  values of elr and e2,. The parameter an is  

1 plotted  againat the r a t i o  - where the value of E is selected 

a t  the mid-aileran statim. It i s  seen that the plot  i s  linear f o r  bo-th 
the  subsonic  and the supersonic  case. The difference fn these cases 
i s  due t o  the different variaticm of e l  and e 2   a l m g  the spas; U 
the var ia t ims  were the same or if e1 and e2 *re constant d o n g  
t he  span t h e  two lines of f igwe 6(b) would coincide.  Since the 

0 

l + e" 

reversal parameter a% i s  proportional to  - and a h c e  the 

reversal dynamic pressure ie directly  proportional t o  the  revered  
parameter a and iwereely proportional to the value eL, b Y  

definition of the parameter a), it follows that the  revered 

1 + E Y  
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the lift, due t o  aileron  deflection and is independent of the location 
of the  elastic  axis.  This  fact corroborates  the  cammoe made 
observation  (see  reference I) that the reversal speed is Independent 
of the  location’of  the  elastic axle in the caBe of -ept wings. 

The control  parer and maneuverability cannot be re lated  to   the 
structural  geometric parameters in as relatively ,simple a manner as the 
reversal speed. The control  parer is a f’unction of both the r a t i o  q q, 
and the   ra t lo  q*/qD; it normally decrea~es w i t h  q/qR, the   ra te  of 
decrease  being slow a t  first end then more rapid f o r  positive  values 

wings) and vice  veraa for negative  values of q (which would 
generally be obtained  for sweptback wings). The variation of the 
maneuverability  should  generally  be similar t o  that of the  control 
power, since  the damping coefficient  decreases (or  i n   t he  case of . 
-wept and mptfarward wings increases)  steadily  with q/qD is 
independent of %/qD. 

l 

of q ~ / q ~  (which  would generally be obtained for  unmept and sueptforwrYd 

From the  calculations for the example wings it appears tha t  the 
control  parer and maneuverability of exeptback wings tends t o  be relatively 
low, particularly at supersonic  speeds. If it should happen that a 
combination of high sweep and large moment ~ t r m  e2 leads t o  an undesirably 
low manewerability and neitger of these parameters can be changed, it 
may be n e c e s s w  t o  resort t o  unconventional control  devices. Lead-dge 
ailerons,  for IT1Btance, have negative  values of the moment BIP~  e2, so 
that  wings equipped w i t h  t h e m  ikd. t o  reverse at very  high speeds, i f  at 
all. This  configuration has the additional advantage of relatively high 
effectiveness a t  transonic speeds. 011 the other hand, the effectiveness 
of l e a d i w d g e   a i l e r o n s  at subsonic  speeds is  so l o w  that they would 
have t o  be used i n  conjunction  with trailing-edge ailerona i f  a peat 
deal of flying were t o  be done at subsonic  speeds. Furthermore, they  pose 
a nmber of d i f f icu l t   s t ruc tura l  and other  design problems, EO that it 
would be well t o  consider them only as a last resort .  

Another means of raising  the  reversal  speed  and.of  increasing  the 
control  parer is t o  change the s t i f fness  of the  structure.  In general, 
la teral   control  can be improved by increasing the tors ional   s t i f fness  
or the  bending stiffness. In some cases, however, the  increase of the 

reversal parameter due t o  a change in the parameter tanh - 
(see  f ig.  6 ( a ) )  produced by a decrease in   the  tors ional   s t i fmess  (CAT), 
may be so rapid aa t o  came a net  increase  in  the  reversal speed.. Finally, 
any increase in the  purely aerodynamic effectiveness of t h s  aileron- 
a i r fo i l  cambination results i n  a proportional  inorease i n  the l a t e r a l  
control effectiveness. 

iicw, (E4 
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A method has been presented for calculating the effectiveness and 
reversal of lateral cantrol  as w e l l  as of the  aerodynamic loading and 
rolling  moment  produced by aileron  deflection on flexible wings of 
U b i t m q  plan form a d  StiffIleBEo 

It has been shown that the aileron-reversal speed deoreaees'with 
both meepback and sweepforwanl and that  the  effectiveness of canven- 
tional  aileron  configurations on Bweptback wfngs at  supersonic speeds 
tends to be relatfvely low. The control  effectiveness  and t h e  resultFng 
manemerability of the  airplane may be increased by varying  the  structural 
stiffness and, if necemw, resorting to unconventiod control devices, 
such as leading-dge  ailerons. 

Langle;r Aeronautical  Laloratory 
National Advisorg Committee  for  Aeronautics 

Langley Field, Va. 
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TABLE V- CALCULATION 

a = ,552 

. . .  . 

OF AERODYNAMJC 

... .. 

LZADING FG? 

... . . . . . . . . . . 

EXAMPLE WING 

0 0 0 0 0 

.2 0 0.1890 -0.1043 -0,069s 1.145 -0.080 

1.026 1-0.205 I 0.272 1 
0.906 1-0,307 I 0.906 I 

.. .. 
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Figure 1. - Definitions and theoretical values of the aileron force parameters. . 
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Figure 3.- Effect of Mach number on the critical and the actual dynamic 
pressures of the example wing. 
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Figure 4.- Loading of example wbg with aileron deflected. 
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subsonic case """ supersanic case 
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(a) Variation with dynamic pressure ratio. 
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(b) Variation with Mach number and altitude. 

Figure 5.- Control power and effectiveness of example wing. 
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(a) Effect of sweep on reversal parameter a= 
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(b) Effect of moment-arm ratio e on reversal parameter a for 
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unswept wings. 

Figure 6.- Effects of sweep and moment-arm ratio on reversal speed. 
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